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PDQXIDFWXULQJPHWKRGVLVWKHRXWVWDQGLQJIOH[LELOLW\LQSDUWGHVLJQWKDWLWRIIHUV7KHJURZLQJGHPDQGIRU6/0LQ
WKHPDQXIDFWXULQJ LQGXVWU\ KDV LQFUHDVHG WKH QHHG IRU SURFHVV GHYHORSPHQW DQG SDUDPHWHU RSWLPL]DWLRQ IRU QHZ
SRZGHUPDWHULDOVLQSDUWLFXODU,Q6/0DKLJKSRZHUODVHULVXVHGWRPHOWDSRZGHUPDWHULDOOD\HUE\OD\HUWRFUHDWH
DVROLGSDUW7KHEXLOGSURFHVVLVFRQWUROOHGE\FKDQJLQJWKHSURFHVVSDUDPHWHUVVXFKDVOD\HUWKLFNQHVVODVHUSRZHU
VFDQQLQJ VSHHG DQG KDWFKZLGWK WKDW DOO DIIHFW WKH EXLOG UDWH DQG SURSHUWLHV RI WKH ILQLVKHG SDUW )RU HDFK 6/0
SURFHVVHGPDWHULDO D VSHFLILF UDQJHRISDUDPHWHU FRPELQDWLRQV H[LVW WKDW UHVXOW LQ VXIILFLHQW TXDOLW\ VXFK DVKLJK
GHQVLW\DQGGHVLUHGVXUIDFHURXJKQHVV
7KH RSWLPDO SDUDPHWHU ZLQGRZ LV SUDFWLFDOO\ DOZD\V GHWHUPLQHG H[SHULPHQWDOO\ DQG WKHUH DUH GLIIHUHQW
DSSURDFKHVIRUGRLQJWKLV,QWKHOLWHUDWXUHYDULRXVDSSURDFKHVLQSURFHVVSDUDPHWHURSWLPL]DWLRQKDYHEHHQVWXGLHG
3HUKDSV WKHPRVWZLGHO\ XVHG DSSURDFK LV WR FRQGXFW VLQJOH WUDFN H[SHULPHQWV IROORZHG E\ LGHQWLILFDWLRQ RI WKH
SURFHVVSDUDPHWHUVWKDWUHVXOWLQVXLWDEOHPHOWSRROIRUPDWLRQ<DGURLWVHYHWDO,WLVDFRPPRQSUDFWLFHWR
OLPLWWKHRSHUDWLRQDOSURFHVVSDUDPHWHUUDQJHE\VHOHFWLQJXSSHUDQGORZHUOLPLWVIRUDYDULDEOHVXFKDV9ROXPHWULF
(QHUJ\'HQVLW\ 9(' 6SLHULQJVHW DO ZKLFK LVEDVHGSXUHO\RQ WKHRUHWLFDOSUHGLFWLRQVRUREVHUYDWLRQV
IURP H[SHULPHQWDO WHVWV VXFK DV VLQJOH WUDFN H[SHULPHQWV 7KH RSWLPDO SDUDPHWHUV LQ WHUPV RI GHQVLW\ FDQ EH
GHWHUPLQHG H[SHULPHQWDOO\ E\ SULQWLQJ SDUWV XVLQJ GLIIHUHQW SDUDPHWHU FRPELQDWLRQV DQG GHWHUPLQLQJ WKH EHVW
SDUDPHWHUVEDVHGRQGHQVLW\PHDVXUHPHQWV6DQGHUHWDO$OVR'HVLJQRI([SHULPHQWV'2(PHWKRGVKDYH
EHHQXWLOL]HGIRUWKHRSWLPL]DWLRQ$YHU\DQRYDHWDO+RZHYHUW\SLFDOO\WZRRUPRUHRIWKHVHDSSURDFKHV
DUHFRPELQHGWRLQFUHDVHWKHHIIHFWLYHQHVVRIWKHRSWLPL]DWLRQSURFHVV*RQJHWDO
,GHDOO\ WKH RSWLPL]DWLRQ VKRXOG EH GRQHZLWK DV OLWWOH H[SHULPHQWDOZRUN DV SRVVLEOH RU HYHQ HQWLUHO\ZLWKRXW
H[SHULPHQWDOZRUNWRLQFUHDVHFRVWHIILFLHQF\DQGVSHHGRIWKHSURFHVV7KLVLVZKHUHVLPXODWLRQPRGHOVRIWKH6/0
SURFHVVFRXOGSOD\DPDMRUUROH0RGHOLQJWKH6/0SURFHVVLQSDUWVFDOHFDQEHEHQHILFLDOLQSUHGLFWLQJUHVSRQVHV
VXFKDVUHVLGXDOVWUHVVHVGHIRUPDWLRQVJHRPHWULFWROHUDQFHVDQGPDWHULDOSURSHUWLHVDVSUHVHQWHGLQ'HQOLQJHUHW
DO'HIHFWW\SHVDQGWKHLUJHQHUDWLRQEDVHGRQPHVRVFDOHPHFKDQLVPVKDVEHHQDGGUHVVHGE\%DXUHLVVHWDO
ZKHUHGLVFUHWHDQDO\VLVPHDQVZHUHXWLOL]HG WRVWXG\ WKH ORFDOPHOWLQJSURFHVV)RU WKHPRGHOLQJ WREHD
YLDEOH VROXWLRQ IRU HYDOXDWLRQ RI SDUW SHUIRUPDQFH LQ UHDO DSSOLFDWLRQV WKH VLPXODWLRQ UHVXOWV PXVW EH REWDLQHG
TXLFNO\ DQGZLWK UHDVRQDEOH FRPSXWDWLRQDO FDSDELOLWLHV .LQJ HW DO  7KH SUHVHQW UHVHDUFK LV IRFXVHG RQ
RSWLPL]DWLRQRI6/0SURFHVVSDUDPHWHUVIRU+WRROVWHHOXVLQJ'2(IROORZHGE\IRUPDWLRQDQGYDOLGDWLRQRI)(
VLPXODWLRQPRGHOIRFXVLQJHVSHFLDOO\RQSUHGLFWLQJGHIHFWVWUXFWXUHVEDVHGRQWKHUPRPHFKDQLFDOPRGHOLQJRI6/0
7KHDSSOLFDELOLW\RIWKHPRGHODVDYDOLGRSWLPL]DWLRQWRROLVHYDOXDWHG
([SHULPHQWDOPHWKRGV
2.1. Materials and equipment 
&RPPHUFLDOJDVDWRPL]HG+SRZGHU VXSSOLHGE\6/06ROXWLRQV*PE+ZDVXVHG IRU WKHSURGXFWLRQRI WKH
VDPSOHV IRU GHQVLW\ RSWLPL]DWLRQ 7KH SRZGHU SURYHG WR EH VSKHULFDO LQ VKDSH E\ H[DPLQDWLRQVZLWK 6(0 7KH
SDUWLFOHVL]HGLVWULEXWLRQZDVGHWHUPLQHGXVLQJ0DOYHUQODVHUGLIIUDFWLRQDQDO\VLVHTXLSPHQW7KHDQDO\VLVUHYHDOHG
WKDWWKHSDUWLFOHVL]HRIWKHJDVDWRPL]HGSRZGHUZDVQRUPDOO\GLVWULEXWHG7KHSDUWLFOHVL]HGLVWULEXWLRQLVSUHVHQWHG
XVLQJ'[YDOXHVWKDWLQGLFDWHWKHYROXPHIUDFWLRQSHUFHQWDJH[EHORZSDUWLFOHVL]H'7KH''DQG'YDOXHV
ZHUHPHDVXUHGDVPPDQGP7KHVSKHULFDOVKDSHDQGWKHUHODWLYHO\QDUURZSDUWLFOHVL]HGLVWULEXWLRQ
UHVXOWHGLQJRRGIORZDELOLW\ZKLFKLVHVVHQWLDOIRUHYHQSRZGHUGLVWULEXWLRQGXULQJWKHEXLOGSURFHVV7KHQRPLQDO
FKHPLFDOFRPSRVLWLRQRIWKHSRZHULVVKRZQLQ7DEOH%HIRUHSURFHVVLQJZLWK6/0WKHSRZGHUZDVGULHGDW&
IRUDSSUR[LPDWHO\K
7KH VDPSOHVZHUH EXLOW XVLQJ 6/0 VROXWLRQV +/PDFKLQHZKLFK KDV D ILEHU ODVHUZLWKPD[LPXP SRZHU
RXWSXW RI : 7KH EXLOG FKDPEHU ZDV ILOOHG ZLWK DUJRQ JDV SXULW\ OHYHO   EHIRUH RSHUDWLRQ DQG D
FRQVWDQWJDVIORZRIOPLQZDVXVHGGXULQJWKHH[SHULPHQW2[\JHQFRQWHQWLQWKHEXLOGFKDPEHUZDVPDLQWDLQHG
EHORZYROGXULQJWKHSURFHVV7KHVDPSOHVZHUHEXLOWGLUHFWO\RQD6VWUXFWXUDOVWHHOVXEVWUDWHZKLFKZDV
KHDWHGDQGNHSWDW&GXULQJWKHSURFHVVWRUHGXFHWKHWKHUPDOJUDGLHQWDQGWKHUHVXOWLQJWKHUPDOVWUHVVHVLQWKH
PDWHULDO


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7DEOH1RPLQDOFKHPLFDOFRPSRVLWLRQRIWKHJDVDWRPL]HG+SRZGHUYDOXHVLQZW

7KH VXEVWUDWHSODWH IXQFWLRQHGDV DKHDWVLQN WRDOORZKHDW WR FRQGXFW DZD\ IURP WKH VDPSOHV$SRZGHU OD\HU
WKLFNQHVVRIPZDVXVHGIRU WKHH[SHULPHQWV7KHSURFHVVSDUDPHWHUVZHUHVHWGLIIHUHQW IRU WKHFRUHDQG WKH
HGJHRIWKHSDUWWRLPSURYHWKHVXUIDFHTXDOLW\DQGLQFUHDVHEXLOGVSHHG
2.2. Design of Experiments 
7ZR VHWV RI VDPSOHV ZHUH SULQWHG IRU ZKLFK WKH SDUDPHWHUV ZHUH VHOHFWHG EDVHG RQ 'RSWLPDO H[SHULPHQWDO
GHVLJQ (DFK VDPSOH VHW FRQVLVWHG RI  îîFP VDPSOHV WKDW ZHUH SULQWHG RQ WKH EDVHSODWHZLWKRXW VXSSRUW
VWUXFWXUHVWRUXOHRXWDQ\HIIHFWWKH\PLJKWKDYHRQWKHILQLVKHGSDUW2QO\FRUHSDUDPHWHUVRIWKHWHVWVDPSOHVZHUH
RSWLPL]HGDQGWKHVHSDUDPHWHUVZHUHVFDQQLQJVSHHGODVHUSRZHUDQGKDWFKZLGWK7KHKDWFKLQJSDWWHUQZDVPP
VWULSHVZLWKGHJUHH WXUQEHWZHHQ OD\HUV 7KH HQHUJ\GHOLYHUHG WR WKHPDWHULDO LV  RQH RI WKHPRVW VLJQLILFDQW
SURFHVVYDULDEOHVLQ6/0DVLWDIIHFWVWKHFKDUDFWHULVWLFRIWKHIRUPLQJPHOWSRRODQGXOWLPDWHO\WKHSURSHUWLHVRIWKH
ILQLVKHGSDUW7KLVHQHUJ\LVUHIHUUHGWRDV9ROXPHWULF(QHUJ\'HQVLW\9('DQGLWLVGHVFULEHGZLWKWKHIROORZLQJ
HTXDWLRQ
thv
PVED

    
ZKHUH3LVODVHUSRZHUYLVVFDQQLQJVSHHGKLVKDWFKZLGWKDQGWLVOD\HUWKLFNQHVV6SLHULQJVHWDO7KH
9(' LV DIIHFWHG E\ PDWHULDO SURSHUWLHV VXFK DV UHIOHFWLYLW\ DQG WKHUHIRUH WKH RSWLPDO RSHUDWLRQ UDQJH PXVW EH
HYDOXDWHG IRU HDFKPDWHULDO 6DQGHU HW DO 1RQRSWLPDO9(' YDOXHV OHDG WR XQIDYRUDEOH UHVXOWV VXFK DV
SDUWLDOO\ PHOWHG SDUWLFOHV LQKRPRJHQHRXV PHOW WUDFN IRUPDWLRQ DQG YDSRUL]DWLRQ RI DOOR\HG HOHPHQWV %DVHG RQ
H[SHULPHQWDOUHVHDUFKIRXQGLQWKHOLWHUDWXUH6SLHULQJVHWDODQRSHUDWLQJUDQJHRI-PPñ±-PPñ
IRUYROXPHHQHUJ\GHQVLWLHVZDVFKRVHQIRUWKH'2(H[SHULPHQWV7KHPLQLPXPDQGPD[LPXPYDOXHVGHILQHGWKH
FRQILQHGZLQGRZRIH[SHULPHQWDWLRQZLWKLQWKHRSHUDELOLW\UHJLRQ
7KHSDUDPHWHUFRPELQDWLRQVIRUWKHGHVLJQRIH[SHULPHQWVZHUHFDOFXODWHGIRUWZRVHWVRIVDPSOHVDVWKDWZDV
WKHPD[LPXPDPRXQWWKDWFRXOGEHILWWHGRQWKHVXEVWUDWHSODWH)RUWKHILUVWVHWWKHKDWFKZLGWKDQGVFDQQLQJVSHHG
ZHUH WKHYDULDEOHV IRU WKH UHVSRQVH IXQFWLRQ DQG VFDQ VSHHG DQG ODVHUSRZHU IRU WKH VHFRQG)RU WKH ILUVW VHW WKH
SRZHUZDV NHSW FRQVWDQW DW : DQG IRU WKH VHFRQG VHW WKH KDWFKZLGWKZDV NHSW FRQVWDQW DW PP ,Q WKH
H[SHULPHQWDOGHVLJQVWKHUDQJHIRUWKHKDWFKZLGWKVFDQQLQJVSHHGDQGODVHUSRZHUYDOXHVZDVPP
PPV±PPVDQG:±:7KHODVHUSDUDPHWHUYDOXHVIRUWKHWZRVDPSOHVHWVDUHSUHVHQWHGLQ7DEOH
%DVHGRQWKHVHFRQVWUDLQWVD'RSWLPDOGHVLJQZDVFUHDWHGXVLQJ*RVVHW6ORDQHDQG+DUGLQZLWKDIXOO
TXDGUDWLFSRO\QRPLDOHTXDWLRQDVWKHFDQGLGDWHILWWLQJIXQFWLRQ$IWHUSULQWLQJWKHVDPSOHVZHUH('0ZLUHFXWIURP
WKHEDVHSODWH WKHQJURXQGIURPWKHWRSIRUDSSUR[LPDWHO\PPDQGSROLVKHGIRURSWLFDOPLFURVFRS\LPDJLQJDQG
)LMLLPDJHDQDO\VLV,PDJH-7KHLPDJHDQDO\VLVLVEDVHGRQWKUHVKROGHGEODFNYVZKLWHSL[HOVZKHUHWKHUDWLRRI
GDUNDQGZKLWHDUHDVRIDQLPDJHLVFDOFXODWHGJLYLQJWKHSRURVLW\YDOXH7KHLPDJHDQDO\VLVZDVSHUIRUPHGRYHUD
FHQWHUDUHDUDQJLQJIURPPPðWRPPðRIWKHVDPSOHVDQGRQHLPDJHRIHDFKVDPSOHZDVDQDO\]HG7KHUHIRUH
WKHHGJHVRIWKHSDUWVZHUHOHIWRXWRIWKHSRURVLW\PHDVXUHPHQW
2.3. Simulation model 
7KHSULQFLSDOHOHPHQWVRIWKHWKHUPRPHFKDQLFDO)(6/0PRGHODUHSUHVHQWHGVFKHPDWLFDOO\LQ)LJ7KHPRGHO
LV D VLPSOH XQVXSSRUWHG EORFN O\LQJ RQ D EDVHSODWH DQG WKH OD\HUV DUH GHSRVLWHG VHTXHQWLDOO\ RQ LWV WRS VXUIDFH
IROORZLQJJLYHQSURFHVVVHWWLQJVWKHEORFNLQLWLDOO\FRPSULVLQJVROHO\WKHSRZGHUEHGîîFPRUDVHFWLRQRI
LW 7KH 6/0 SURFHVV LV VROYHG XVLQJ DQ LPSOLFLW FRXSOHG WKHUPRPHFKDQLFDO VROXWLRQ LQWURGXFLQJ ILQLWH VWUDLQ
LQFUHPHQWDOSODVWLFLW\DQGWUDQVLHQWIRUPXODWLRQRIWKHSUREOHP)LQLWHHOHPHQWPHVKXWLOL]HGIRULQGLYLGXDOWHVWFXEH
)H & 0Q 6L &U 1L 0R 9 &X 3 6L 1L 2
%DO            
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JHRPHWULHVLVSUHVHQWHGLQ)LJ$GDSWLYHWLPHLQFUHPHQWDWLRQVFKHPHLVXWLOL]HGWKHPD[SRVVLEOHLQFUHPHQWVL]H
OLPLWHGWRDSSUR[LPDWHO\WKHWLPHLWWDNHVIRUWKHEHDPWRPRYHKDOIDOD\HUWKLFNQHVV'XHWRWKHVPDOOVL]HRIWKH
WHVWSUREOHPSDUDOOHOVROXWLRQXVLQJWKHLPSOLFLWVROYHULVIHDVLEOHDOWKRXJKQRWSDUWLFXODUO\HIILFLHQW7KHQXPHULFDO
PRGHOLVPRGLILHGOD\HUE\OD\HUGXULQJWKHQXPHULFDOVROXWLRQWRLQWURGXFHVXEVHTXHQWSRZGHUOD\HUVYLDDGGLWLRQ
RI QHZ ILQLWH HOHPHQWV WR WKH VROXWLRQ 7KH ERXQGDU\ FRQGLWLRQV DQG KHDW VRXUFH DUH FRXSOHG DQG PRGLILHG
DFFRUGLQJO\GXULQJVROXWLRQ7KHSRZGHUWRVROLGWUDQVIRUPDWLRQLVLQFRUSRUDWHGE\XWLOL]LQJXVHUGHILQHGILHOGVDQG
LQWHUQDOPDWHULDOYDULDEOHVHVVHQWLDOO\LQWURGXFLQJDOHYHOVHWLQWHUSRODWLQJWKHSKDVHGLVWULEXWLRQDVDVSHFLILFILHOG
IURP SRZGHU WR OLTXLG DQG DJDLQ GXULQJ VROLGLILFDWLRQ 7KHVH ILHOGV DUH XVHG WR WUDFN WKH DVVLJQPHQW RIPDWHULDO
SURSHUWLHVGHSHQGLQJRQLWVSUHVHQWVWDWHGXULQJWKHVROXWLRQYLDPDWHULDOXVHUVXEURXWLQHV(IIHFWVOLNHVKULQNDJHDUH
QRWDFFRXQWIRUH[SOLFLWO\UDWKHUDQHIIHFWLYHDSSURDFKLVDGRSWHGZKHUHWKHILQDOOD\HUWKLFNQHVVLVXWLOL]HGLQWKH
VROXWLRQRIWKHKHDWWUDQVIHUDQGPHFKDQLFDOSUREOHPV
+HDWWUDQVIHULVDFFRXQWHGIRUZLWKUHVSHFWWRWRSVXUIDFHFRQYHFWLRQDQGUDGLDWLRQWREXLOGFKDPEHUDWPRVSKHUH
FRQGXFWLRQ EHWZHHQ WKH VDPSOH WR WKH DGMDFHQW SRZGHU EHG YLD D FRQYHFWLRQ ERXQGDU\ FRQGLWLRQ PLPLFNLQJ
FRQYHFWLRQ WRDQXQLIRUPWHPSHUDWXUHVLQNRIFKDPEHU WHPSHUDWXUH+HDW WUDQVIHUYLDFRQGXFWLRQ WREDVHSODWH LV
DFFRXQWHG IRU WKH LQLWLDO FRQGLWLRQRI WKH VLPXODWLRQ LV DQ DSSUR[LPDWLRQ RI D VWDWHZKHUH QXPHURXV OD\HUV KDYH
DOUHDG\EHHQEXLOWRQWRSRIWKHEDVHSODWHDQGWKHWKHUPDOFRQGLWLRQVLQWKDWUHJDUGKDYHVWDELOL]HG0HFKDQLFDOO\
WKH V\VWHP LV FRQVLGHUHG ULJLGO\ IL[HG WR WKH EDVH SODWH 7KH EHDP KHDW VRXUFH LV DVVXPHG WR KDYH D *DXVVLDQ
LQWHQVLW\ SURILOH DQG LWV WUDYHUVH GXULQJ WKH VROXWLRQ LV DFFRXQWHG IRU XVLQJ D VSHFLILF VXEURXWLQHZKLFK FRQWDLQV
LQIRUPDWLRQIRUFRQVWUXFWLQJWKHVFDQYHFWRUV7KHEHDPVXUIDFHKHDWIOX[LVVSHFLILHGDFFRUGLQJWR'DLDQG6KDZ
DV
    



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 ZKHUHןLV ODVHU HQHUJ\ DEVRUSWDQFH JLYHQ D YDOXH RI  IROORZLQJ ZRUN DQG 6/0 WKHUPDO DQDO\VLV
UHYLHZVFDUULHGRXWLQ5REHUWVHWDO=HQJHWDODQG7RORFKNRHWDO7KHODVHUSRZHUܲDQG
VSRW VL]Hݎ଴DUH JLYHQ WKHLU DFWXDO SURFHVV YDOXHV DQG WKH KHDW IOX[ LV LQSXW WR WKHPRGHO DV D IXQFWLRQ RI UDGLDO
GLVWDQFHݎPHDVXUHGIURPORFDWLRQRIFXUUHQWEHDPFHQWHU
3UREOHPLVQRQOLQHDUGXH WRILQLWHVWUDLQVDVZHOODVQRQOLQHDU WKHUPDODQGPHFKDQLFDOPDWHULDOSURSHUWLHV7KH
SRZGHUEHGDQGVROLGSKDVHSURSHUWLHVDUHUHODWHGZLWKUHVSHFWWRGHQVLW\DQGWKHUPDOFRQGXFWLYLW\VLPSO\DV
 powder bulkU M U     
DQG
 powder bulkO M O     
IRUSRZGHUEHGSRURVLW\߶7KHSRZGHUEHGUHODWLYHGHQVLW\LVJLYHQDQH[SHULHQFHPRWLYDWHGDSSUR[LPDWHYDOXH
RI 'XULQJ SKDVH FKDQJHV VROLG WR OLTXLG RU LQ UHYHUVH WKHUPDO FRQGXFWLYLW\ DQG VSHFLILF KHDW DUH FRPSXWHG
DFFRUGLQJWR
  O IO I O      
IRUWKHUPDOFRQGXFWLYLW\LQSKDVHWUDQVLWLRQIURP³´WR³´߶EHLQJWKHSKDVHIUDFWLRQRIWKHWUDQVLWLRQDQGIRU
VSHFLILFKHDW
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ZKHUHܮ௜LV WKH ODWHQWKHDWRISKDVHFKDQJH³L´DQG݂ሺ߶ሻLVDVPRRWKHQHGXQLW VWHSIXQFWLRQEHWZHHQ WKHSKDVH
WUDQVIRUPDWLRQ/DWHQWKHDWRIIXVLRQLVWUHDWHGE\YLDWKHUHODWLRQVKLSEHWZHHQHQWKDOS\RIWKHSKDVHWUDQVIRUPDWLRQ
DQGVSHFLILFKHDWLHWKHUHODWLRQVKLSEHWZHHQHQWKDOS\DQGVSHFLILFKHDWLVJLYHQE\
p
T
H c dTU ³    
%H\RQGDYDLODEOHGDWDOLQHDUH[WUDSRODWLRQLVXWLOL]HG
7KHKHDWWUDQVIHUILOPFRHIILFLHQWDWWKHWRSVXUIDFHLVJLYHQDYDOXHRI:P.WKHFRQYHFWLRQWDNLQJSODFHWRD
VLQN UHSUHVHQWHG E\ WKH EXLOG FKDPEHU WHPSHUDWXUH DVVXPHG WR EH FRQVWDQW 5DGLDWLRQ KHDW WUDQVIHU LV VSHFLILHG
DFFRUGLQJ WR 6WHIDQ%ROW]PDQQ ODZ VXUIDFH HPLVVLYLW\ LV VHW WR  IROORZLQJ D PRUH GHWDLOHG HYDOXDWLRQ LQ
7RORFKNRHWDO
7KH6/0SURFHVVPRGHOJHQHUDWLRQ LV LPSOHPHQWHGDVD3\WKRQPRGXOH WR977LQKRXVHPXOWLVFDOHPRGHOLQJ
WRROVHW9773URSHU7XQH9777HFKQLFDO5HVHDUFK&HQWUHRI)LQODQG 7KH6/0SURFHVVPRGHO LV JHQHUDWHG
XVLQJ DQ REMHFW RULHQWHG OLEUDU\ DQG LQWHUIDFHG WR D ILQLWH HOHPHQW VROYHU XWLOL]LQJ D VHSDUDWH PRGXOH ZKLFK LQ
FXUUHQW FDVH LV WKH$EDTXV  7KLV HQDEOHV WKH JHQHUDWLRQRI WKH XVHU VXEURXWLQHV DQG WKHPRGHO LWVHOIZLWK
UHVSHFWWRVFDQVWUDWHJLHVHWFZLWKRXWWKHQHHGIRUXVHUWRPDQXDOO\ZRUNRQWKHILQLWHHOHPHQWPRGHODQGLWVOHQJWK\
GHILQLWLRQEXWUDWKHUH[SORLWLQJLQIRUPDWLRQREWDLQHGIURPWKH$0V\VWHPLWVHOI
)LJ7KHSULQFLSDOHOHPHQWVRIWKHWKHUPRPHFKDQLFDO)(6/0PRGHODQG)LQLWHHOHPHQWPHVKIRULQGLYLGXDOWHVWFXEHJHRPHWU\
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7KHSURFHVVSDUDPHWHUVDQGWKHSRURVLW\YDOXHVRIWKHSULQWHGWHVWVDPSOHVGHWHUPLQHGXVLQJLPDJHDQDO\VLVDUH
SUHVHQWHGLQ7DEOH0LFURJUDSKVZHUHWDNHQRIWKHJURXQGDQGSROLVKHGVDPSOHVXVLQJ[DQG[PDJQLILFDWLRQV
IRU LPDJH DQDO\VLV7KHUHZDV D GLIIHUHQFH LQ WKHPHDVXUHGSRURVLWLHV EHWZHHQ WKH LPDJHV WDNHQZLWK [ DQG[
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7DEOH3URFHVVSDUDPHWHUVDQGSRURVLWLHVRI'2(VDPSOHV
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$ SDUWLDO TXDGUDWLF SRO\QRPLDO IXQFWLRQ ZDV ILWWHG WR  RI UDQGRPO\ VHOHFWHG GDWD VDPSOHV IROORZHG E\
YDOLGDWLRQRIWKHUHVXOWIURPWKHUHPDLQLQJ)RUWKHILUVWVDPSOHVHWWKH5IRUWKHWUDLQLQJVDPSOHVZDV
DQG IRU WKHYDOLGDWLRQRQHV)RU WKH VHFRQG VDPSOH VHW WKH5ZDVDQG UHVSHFWLYHO\%DVHGRQ
WKHVHUHVXOWVWKHFDOFXODWHGPRGHOFDQEHHIIHFWLYHO\XVHGWRSUHGLFWWKHGHQVLW\RISULQWHG+WRROVWHHOVDPSOHV
7KHILWWHGUHVSRQVHVXUIDFHVVHHQDVFRQWRXUSORWVLQ)LJVKRZWKHDSSUR[LPDWHUHVSRQVHYDOXHGHQVLW\IRU
WKH GDWD SRLQWV ZLWK GLIIHUHQW SURFHVV YDULDEOH FRPELQDWLRQV 7KH FRQWRXU SORWV UHSUHVHQW ' SODQHV LQ D '
SDUDPHWHUVSDFHZKHUHFRQVWUDLQWVUHODWHGWRSURFHVVSDUDPHWHUVZHUHSODFHGDVH[SODLQHGLQWKHSUHYLRXVFKDSWHU
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7KHHIIHFWRIORZDQGKLJK9('YDOXHVRQWKHSRURVLW\RIWKHVDPSOHVLVGHPRQVWUDWHGE\WKHPLFURJUDSKVWDNHQ
IURPVDPSOHV1RDQG1RIURPWKHILUVWVDPSOHVHW)LJD±E)URPWKHPLFURJUDSKVRQHFDQVHHWKDWORZ
HQHUJ\ GHQVLW\ LQ WKH UDQJH RI  -PP )LJ  D UHVXOWV LQ ODFN RI IXVLRQ OHDGLQJ WR KLJK SRURVLW\  
ZKHUHDVKLJKHUHQHUJ\LQSXWRI-PP)LJEUHVXOWVLQDOPRVWIXOOGHQVLW\7KHPLFURJUDSKVLQ
)LJF±GVKRZWKDWKLJKGHQVLW\SDUWVFDQEHSULQWHGXVLQJKLJKO\GLIIHUHQWSURFHVVSDUDPHWHUV7KHSRZHUDQG
VFDQQLQJ VSHHGVRI WKH VDPSOHV LQ)LJ F DQG G DUH:DQGPPV DQG:DQGPV%RWK
SDUDPHWHUFRPELQDWLRQVOHDGWRGHQVLW\DQGWKH\ERWKKDYHD9('YDOXHDSSUR[LPDWHO\RI-PP7KH
GLIIHUHQFHLVWKHEXLOGVSHHGZKLFKLVDOPRVWGRXEOHGIRUWKHVDPSOHLQ)LJG

)LJD'HQVLW\FRQWRXUSORWZLWKKDWFKZLGWKDQGVFDQQLQJVSHHGDVSURFHVVYDULDEOHV3RZHU :DQGE'HQVLW\FRQWRXUSORWZLWK
VFDQVSHHGDQGSRZHUDVSURFHVVYDULDEOHV+DWFKZLGWK PP
D E
6FDQQLQJVSHHGPPV 3RZHU:
3ULQWLQJSDUDPHWHUVGHVLJQVSDFH[3ULQWLQJSDUDPHWHUVGHVLJQVSDFH[
+
DW
FK
Z
LG
WK

P

+
DW
FK
Z
LG
WK

P

9(' -PP 9(' -PP
6FDQQLQJVSHHG PPV 6FDQQLQJVSHHG PPV
D E
F G
)LJ0LFURJUDSKVRIVDPSOHV1RDDQG1REIURPWKHILUVW'2(VDPSOHVHWDQGVDPSOHV1RFDQG1RGIURPWKHVHFRQG
'2(VDPSOHVHW
PP PP
PPPP
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6DPSOHV1RDQGIURPWKHVHFRQGVHWZHUHVHOHFWHGIRUFORVHUVLPXODWLRQH[DPLQDWLRQV,Q)LJ
RQHFDQVHH WKHSUHGLFWHGSRURVLW\FDOFXODWHGIURPWKHVLPXODWLRQ7KHVLPXODWHGSDUWVDUHVKRZQDVZKLWHEORFNV
QH[WWRWKHPLFURJUDSKVRIDFWXDOSULQWHGSDUWVEXLOWZLWKVDPHSURFHVVSDUDPHWHUV7KHFDOFXODWHGSRURVLWLHVRIWKH
VLPXODWLRQPRGHOVDQGWKHPHDVXUHGSRURVLWLHVDUHSUHVHQWHGLQ7DEOH
7DEOH3URFHVVSDUDPHWHUVPHDVXUHGSRURVLWLHVDQGFDOFXODWHGSRURVLWLHVRIILYH'2(VDPSOHVIURPVHFRQGVDPSOHVHW
6DPSOH
1R
6FDQQLQJVSHHG
PPV
3RZHU
:
9('
-PP
0HDVXUHG
SRURVLW\
&DOFXODWHGSRURVLW\
VLPXODWLRQPRGHO
     
     
     
     
     
'LVFXVVLRQ
%\FRPSDULQJWKHPHDVXUHGSRURVLWLHVWRWKHYDOXHVREWDLQHGIURPWKHVLPXODWLRQWKHVLPLODULW\RIWKHUHVXOWVLV
DSSDUHQW,QIDFW WKHSRURVLW\GHFUHDVHVDW WKHVDPHUDWHIRUERWKWKHVDPSOHVDQGWKHVLPXODWLRQPRGHOZKHQWKH
9('LQFUHDVHV'HVSLWH WKHIDFW WKDW WKHVDPSOHV LQRXUVHOHFWHGVDPSOHVHW 7DEOHVKRZWKDWGHQVLW\ LQFUHDVHV
ZLWK ODUJHU 9(' YDOXHV WKH 9(' VKRXOG QRW EH XVHG VROHO\ DV D GHVLJQ SDUDPHWHU LQ SURFHVV SDUDPHWHU
RSWLPL]DWLRQ7KH UHDVRQ IRU WKLV LV WKDW WKH RSWLPDO WUDFNJHRPHWU\ LV DFKLHYHGZLWKLQ FHUWDLQ UDQJHRI VFDQQLQJ
VSHHGSRZHUDQGKDWFKZLGWKDQGRWKHUSURFHVVYDULDEOHVWKDWDUHPDWHULDOGHSHQGHQW7KHSURFHVVSDUDPHWHUVDIIHFW
WKHPHOWSRROFKDUDFWHULVWLFDQGQRQRSWLPDOSURFHVVSDUDPHWHUVFDQOHDGWRODFNRIIXVLRQDQGFRQVHTXHQWO\ORZHU
GHQVLW\$OWKRXJKDQHZOD\HUSDUWO\PHOWVWKHSUHFHGLQJOD\HULWLVDOPRVWFHUWDLQWKDWSRLQWVZLOOVWLOOUHPDLQZKHUH
WKH IXVLRQ RI WKH FRQVHFXWLYH OD\HUV LV ODFNLQJ <DGURLWVHY HW DO  7KH GHQVLW\ RI WKH SULQWHG SDUWV LV QRW
LQIOXHQFHG RQO\ E\ WKH FKRVHQ SURFHVV SDUDPHWHUV EXW DOVR E\ WKH VFDQQLQJ VWUDWHJ\ 7KHUH DUH PDQ\ VWXGLHV
FRQFHUQLQJWKHLQIOXHQFHRIGLIIHUHQWVFDQQLQJVWUDWHJLHVRQWKHUHVXOWLQJTXDOLW\RIWKHILQLVKHGSDUWV6XDQG<DQJ
 7KLMV HW DO  :LWK GHFUHDVLQJ KDWFKZLGWK WKH RYHUODS EHWZHHQ DGMDFHQWPHOW WUDFNV LV LQFUHDVHG
ZKLFKUHGXFHVWKHOLNHOLKRRGRIYRLGVLQWKHSULQWHGSDUW
2QWKHEDVLVRIWKHGDWDILWWLQJSUHVHQWHGLQWKH)LJELWFDQEHQRWHGWKDWKLJKGHQVLW\SDUWVFDQEHSURGXFHG
HYHQZKHQ WKHYHORFLW\RI WKH ODVHUEHDPLV LQFUHDVHGFRQVLGHUDEO\DV ORQJDV WKH ODVHUSRZHU LV LQFUHDVHGDW WKH
VDPHWLPH7KLVLVEHFDXVHWKHPHOWSRROJHRPHWU\VWD\VVRPHZKDWFRQVWDQWZLWKKLJKHUVFDQQLQJVSHHGDQGSRZHU
)LJ&RPSDULVRQRIPLFURJUDSKVRI'2(VDPSOHVDQGVLPXODWHGSDUWVFRPSXWHGZLWKVDPHSDUDPHWHUVVHFRQGVDPSOHVHW
6DPSOH1R 6DPSOH1R 6DPSOH1R
34   Petri Laakso et al. /  Physics Procedia  83 ( 2016 )  26 – 35 
YDOXHV$WVRPHSRLQWWKLVDQDORJ\GRHVQRWZRUNDQ\PRUHDQGWKHSURFHVVEHFRPHVXQVWDEOH,WLVNQRZQWKDWSRUHV
DUHFRPPRQO\LQFOXGHGLQVLGHPHOWSRROVZKLFKKDYHNH\KROHJHRPHWU\IRUKLJKHQHUJ\GHQVLW\LQSXW7KLVPD\EH
DWWULEXWHG WRJDVEXEEOHVHQWUDSSHG LQ WKHPHOWSRROGXHWRPDWHULDO3DQJHWDO $OVRYHU\KLJKYHORFLWLHV
JLYHULVHWREDOOLQJHIIHFWV<DGURLWVHYHWDO)URP)LJLWFDQEHVHHQWKDWZLWKKDWFKYDOXHVKLJKHUWKDQ
PWKHUHJLRQRIKLJKGHQVLW\EHFRPHVVPDOOHUPHDQLQJ WKDW WKHUH LV OHVVIUHHGRPZLWKFKDQJLQJ WKHYHORFLW\
ZKLOHVWLOOREWDLQLQJKLJKGHQVLW\8VLQJDKDWFKZLGWKRIPDOORZVRQHWRKDYHPRUHIUHHGRPLQVHOHFWLQJWKH
VFDQQLQJ VSHHGZKLOHPDLQWDLQLQJ DOPRVW IXOO GHQVLW\$V WKH VSRW VL]H OD\HU WKLFNQHVV DQG SRZHU DUH FRQVWDQW
FKRRVLQJDVFDQQLQJVSHHGRXWVLGHRIWKHRSWLPDOUHJLRQZLOODIIHFWWKHPHOWSRROJHRPHWU\OHDGLQJWRORZHUGHQVLW\
*RQJHWDO
7KHXWLOL]HGWKHUPRPHFKDQLFDO)(PRGHOZDVDEOHWRFDSWXUHWKHSRURVLW\HYROXWLRQGXULQJWKHLQYHVWLJDWHG6/0
SDUDPHWHUVHWVVDWLVIDFWRULO\7KH)(PRGHO\LHOGVPHDQILHOGOLNHRXWSXWVLQFHWKHGHIHFWJHQHUDWLRQPHFKDQLVPVDUH
QRWH[SOLFLWO\LQFOXGHGDQGDVVXFKWKHFRPSDULVRQDQGHVSHFLDOO\WKHWUHQGVZKLFKZHUHREWDLQHGE\WUDFNLQJQRQ
PROWHQ SRZGHU ZDV DGHTXDWH )XUWKHU H[SOLFLW PRGHOLQJ RI WKH SRZGHU EHG DW PHVRVFDOH LV WR EH LQWURGXFHG WR
IXUWKHU WDFNOH WKHPHFKDQLVPV LQ DPRUH SK\VLFVEDVHGPDQQHU2EYLRXV XVH IRU WKH6/0PRGHO LV WR FDUU\ RXW
FRPSXWDWLRQDO H[SHULPHQWV LQ SDUDOOHO ZLWK WKH H[SHULPHQWDO SURFHVV GHYHORSPHQW ZRUN WR LQFUHDVH WKH UDWH RI
SURFHVV GHYHORSPHQW ,Q DGGLWLRQ GXH WR WKHPXOWLWXGH RI SDUDPHWHUV WKH QXPHULFDO PRGHOV FDQ EH H[SORLWHG WR
LQYHVWLJDWHFRPSOH[SDUDPHWHUGHSHQGHQFLHVDQG WKHRXWFRPHVFDQEHHYDOXDWHGXVLQJHJ UHVSRQVHVXUIDFHV$V
VXFK WKHWUHQGVDQGLQWHUDFWLRQVEHWZHHQSURFHVVSDUDPHWHUVEHFRPHHYHQHDVLHU WRH[WUDFWDQGYLVXDOL]H3URFHVV
DQG V\VWHP GHVLJQ EH\RQG FXUUHQW SDUDPHWHU VSDFHV DQG WUDQVIHU RI V\VWHP SDUDPHWHUV EHWZHHQ ' SULQWLQJ
PDFKLQHV DUH DOVR SRVVLEOH PHDQV RI H[SORLWDWLRQ $OVR LW EHFRPHV SRVVLEOH WR LQYHVWLJDWH DQG HYDOXDWH WKH
VLJQLILFDQFH RI FRPSOH[ 6/0 SURFHVV WR PDWHULDO SURSHUW\ FDXVDOLWLHV E\ LQFRUSRUDWLQJ PLFURVWUXFWXUDO DQG
PHFKDQLFDOPRGHOLQJ +ROPEHUJ HW DO D+ROPEHUJ HW DO E VXFK DV OLQNVEHWZHHQSRURVLW\GHIHFW
VWUXFWXUHVDQGUHVLVWDQFHWRIDWLJXHFUDFNLQLWLDWLRQ6XFKH[SORLWDWLRQRIERWKPRGHOLQJDQGH[SHULPHQWDODFWLYLWLHV
HQDEOHVWLJKWHULQWHJUDWLRQRIGHYHORSPHQWVUHODWHGWRSURFHVVPDWHULDODQGSDUWGHVLJQLQSXUVXLWRIJUHDWHULPSDFW
5HJDUGLQJ FKDOOHQJHV WR VLPXODWLRQ RI WKH 6/0 SURFHVV WKH FDSDELOLW\ WR UHWDLQ KLJK ORFDO UHVROXWLRQ DQG WR
FDSWXUH ODUJHUSDUW VFDOHPDWHULDO YROXPHV UHPDLQV DQ DUHDZHUH GHYHORSPHQWV DUH GLUHO\ QHHGHG:KHQXWLOL]LQJ
FXUUHQWVWDWHRIWKHDUWVROYHUVLWZRXOGEHEHQHILFLDOWRXVHDORZUHVROXWLRQVLPXODWLRQPRGHOIRUWKHILUVWURXQGRI
SDUDPHWHU HYDOXDWLRQ WR VDYH LQ FRPSXWDWLRQ SDVVWKURXJK WLPH 7KH QH[W URXQG RI VLPXODWLRQ VKRXOG KDYH HYHQ
KLJKHUUHVROXWLRQWKDQZKDWZDVWHVWHGWREHDEOHWRSUHGLFWSRURVLW\DQGUHODWHGSDUDPHWHUVRILQWHUHVWHYHQEHWWHU
UHVLGXDOVWUHVVHVSKDVHPDSVHWF$Q\KRZLWVHHPVWKDWLWLVSRVVLEOHWRPDNHILUVWWHVWVRQO\ZLWKVLPXODWLRQWR
VKRUWHQWLPHQHHGHGWRRSWLPL]HWKHSURFHVVLQJSDUDPHWHUV6WLOOILQDOWHVWLQJQHHGVWREHGRQHZLWKDFWXDOSULQWLQJ
WULDOV WR YHULI\ WKH RSWLPDO SDUDPHWHUV ,Q DGGLWLRQ WKH WUHDWPHQW RI SRZGHU EHG SK\VLFV DQG HJ SKDVH
WUDQVIRUPDWLRQNLQHWLFVLVVWLOOTXLWHVLPSOLILHGSDUWLFXODUO\ZLWKUHVSHFWWR)(PRGHOLQJDQXPEHURISKHQRPHQDDUH
WUHDWHGLQDPHDQILHOGDQGRWKHUZLVHDSSUR[LPDWHGPDQQHU
&RQFOXVLRQV
6/0SURFHVVSDUDPHWHUVIRU+WRROVWHHOVDPSOHVZHUHRSWLPL]HGLQUHODWLRQWRSDUWGHQVLW\XVLQJ'RSWLPDO
'HVLJQ RI ([SHULPHQWV DSSURDFK $QDO\VLV RI WKH ILWWHG IXQFWLRQV VKRZHG WKDW WKH SUHGLFWHG YDOXHV ILW WKH
H[SHULPHQWDOGDWDZHOODVWKHREWDLQHG5YDOXHVLQGLFDWH7KLVDSSURDFKSURYHGDVDSUDFWLFDODQGUHOLDEOHPHWKRG
IRU6/0SDUDPHWHURSWLPL]DWLRQ:LWKLQWKHVWXGLHGSDUDPHWHUUDQJHRQHFDQHDVLO\H[DPLQHWKHHIIHFWRIGLIIHUHQW
SURFHVV SDUDPHWHUV WR WKH GHQVLW\+RZHYHU HYDOXDWLRQ RI SDUDPHWHU FRPELQDWLRQV EH\RQG WKH GHILQHG SDUDPHWHU
SODQHV UHTXLUHV PRUH H[SHULPHQWDO ZRUN $FFRUGLQJ WR WKH SUHGLFWHG UHVSRQVH LW LV SRVVLEOH WR VHOHFW SURFHVV
SDUDPHWHUVWKDWLQFUHDVHWKHEXLOGUDWHVLJQLILFDQWO\ZLWKRXWFRPSURPLVLQJRQWKHGHQVLW\%DVHGRQWKHILUVWVDPSOH
VHWZKHUH WKHSRZHUZDV IL[HG DW : LWZDV IRXQG WKDWZLWK KDWFKZLGWKYDOXHV EHORZP WKHSDUDPHWHU
ZLQGRZUHVXOWLQJLQKLJKGHQVLW\EHFRPHVZLGHU7KHSUREDEOHUHDVRQEHKLQGWKLVLVWKHJUHDWHUGHJUHHRIRYHUODS
ZLWKWKHDGMDFHQWPHOWWUDFNVZKLFKGHFUHDVHVWKHRFFXUUHQFHRIXQPHOWHGDUHDV
7KHGHYHORSHGILQLWHHOHPHQWVLPXODWLRQPRGHO IRU WKH6/0SURFHVVZDVYHULILHGE\FRPSDULQJ WKHFDOFXODWHG
GHQVLWLHVWRWKHH[SHULPHQWDOO\REWDLQHGYDOXHV7KHPRGHOIROORZVWKHVDPHWUHQGDVWKHH[SHULPHQWDOUHVXOWVZKLFK
GHPRQVWUDWH WKDW WKH VLPXODWLRQ FRXOG EH XVHG DV D WRRO IRU SDUDPHWHU RSWLPL]DWLRQ )XWXUH DSSOLFDWLRQV RI WKH
VLPXODWLRQPRGHOZRXOGEHWRXVHLWIRUURXJKHYDOXDWLRQRIRSWLPDOSDUDPHWHUVIRUQHZSRZGHUVLQVLWXDWLRQVZKHUH
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SUHOLPLQDU\SDUDPHWHUVDUHQRWDYDLODEOHRU IRURSWLPL]DWLRQEHWZHHQGLIIHUHQW6/0PDFKLQHV+RZHYHUIRUPRUH
UHOLDEOH UHVXOWV WKH PRGHO VKRXOG EH PDGH PRUH GHWDLOHG 1H[W VWHSV LQ WKH LPSURYHPHQW RI WKH SDUDPHWHU
RSWLPL]DWLRQZRXOGEHWRFRQVWUXFWDSDUDPHWHUFORXGSHUIRUPWRXJKQHVVWHVWVDQGWHQVLOHWHVWRQVDPSOHVEXLOWZLWK
RSWLPDOSDUDPHWHUVWRYHULI\WKHYDOLGLW\RIWKHUHVXOWV
$FNQRZOHGJHPHQWV
7KLVVWXG\ZDVFDUULHGRXWLQWKH$0WHNQRORJLDVWDXXWWDOLLNHWRLPLQWDDSURMHFW7KHILQDQFLDOVXSSRUWRI7HNHV±
WKH)LQQLVK)XQGLQJ$JHQF\IRU7HFKQRORJ\DQG,QQRYDWLRQDQGWKHSDUWLFLSDWLQJLQGXVWULDOFRPSDQLHVDQGWKH977
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